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EXPERIMENTAL  RESULTS  FROM  A  TEST  IN  ROUGH  AIR  AT  HIGH 
SUBSONIC  SPEEDS  OF  A  TAILLESS  ROCKET  MODEL  HAVING 
CRUCIFORM  TRIANGULAR  WINGS,  AND  A  NOTE  ON  THE 
CALCULATION  OF  MEAN  SQUARE  LOADS  OF 
AIRCRAFT  IN  CONTINUOUS  ROUGH  AIR 
By  A.  James  Vitale  and  Jesse  L.  Mitchell 

SUMMARY 


Results  from  a  flight  test  in  continuous  rough  air  at  transonic 
speeds  are  presented  for  a  rocket  model  having  cruciform,  60°  triangular 
wings.  The  variation  of  root -mean-square  acceleration  increment  with 
Mach  number  showed  a  large  increase  between  Mach  numbers  of  0.82  and  0.88 
that  is  probably  associated  with  a  decrease  in  damping  in  pitch  for  the 
configuration. 

The  cruciform-wing  arrangement  for  rocket -propelled  model  rough-air 
tests  was  evaluated  and  appears  to  be  useful  for  improving  the  accuracy 
of  the  results.  An  extension  of  the  cruciform  arrangement  to  different 
wings  on  one  model  is  also  discussed. 

A  simplified  chart,  based  on  power  spectral  methods  of  generalized 
harmonic  analysis,  is  presented  for  making  rapid  estimations  of  the  mean 
square  acceleration  of  aircraft,  especially  for  configurations  with  low 
damping,  for  flight  through  continuous  rough  air. 


INTRODUCTION 


The  need  for  experimental  data  at  transonic  and  supersonic  speeds 
on  the  response  of  airplanes  and  missiles  to  gusts  and  associated  gust 
loads  led  to  the  development  of  a  program  which  utilizes  rocket -powered 
models  for  rough-air  tests.  The  testing  technique,  which  is  still  in 
the  development  stage,  has  been  used  primarily  to  investigate  the  effects 
of  changes  in  configuration  and  dynamic  longitudinal  stability  on  gust 


CONFIDENTIAL 


2 


CONFIDENTIAL 


NACA  RM  L55L28 


loads  at  transonic  speeds.  The  characteristics  of  loads  in  rough  air 
from  several  rocket  model  tests  are  presented  in  references  1  and  2  for 
three  configurations  having  high  aspect  ratio  45°  sweptback  wings.  The 
results  of  these  tests  indicated  the  large  influence  of  airplane  damping 
in  pitch  on  gust  loads  and  also  indicated  that  the  testing  technique  used 
was  primarily  suitable  for  investigating  large-order  effects  because  of 
the  lack  of  precision  of  the  test  results. 

As  a  continuation  of  the  program  investigating  the  effects  of  changes 
in  configuration  on  gust  loads  a  rough-air  test  was  made  on  a  tailless 
configuration  having  a  highly  swept,  low  aspect  ratio  wing.  The  wing 
chosen  was  a  60°  triangular  wing,  as  a  recent  wind-tunnel  test  (ref.  3) 
indicated  a  sharp  reduction  in  damping  in  pitch  for  a  tailless,  60°  tri¬ 
angular  wing  airplane  model  in  the  transonic  region. 

As  an  additional  part  of  this  investigation  a  cruciform-wing  arrange¬ 
ment  was  used  in  an  attempt  to  evaluate  some  of  the  problems  of  accuracy 
which  have  been  found  to  be  inherent  with  rocket -propelled  model  tests 
in  rough  air. 

The  Mach  number  range  covered  in  the  test  was  about  0.66  to  0.92. 

The  test  results  for  this  model  are  evaluated  in  order  to  establish  the 
loads  and  their  variation  with  Mach  number.  In  addition,  the  use  of  a 
cruciform-wing  arrangement  is  discussed  in  connection  tfith  possible 
improvement  of  accuracy  of  results  and  as  an  extension  of  the  testing 
technique. 

A  method  and  chart  for  obtaining  calculated  values  of  mean  square 
acceleration  for  flight  through  continuous  rough  air  are  presented  in 
the  appendix  of  this  report .  Calculated  values  from  the  chart  are  com¬ 
pared  with  the  experimental  values  of  root -mean- square  acceleration  from 
the  60°  triangular  wing  model. 


SYMBOLS 

an  normal  acceleration  increment,  g  units 

a-fc  transverse  acceleration  increment,  g  units 

a  damping-in-pitch  factor,  a?,  i/  sec 

1l/2 

c  mean  aerodynamic  chord,  ft 

p 

Iy  moment  of  inertia  about  transverse  axis,  slug-ft 
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Iz 

V 

Ka 


p 

moment  of  inertia  about  vertical  axis,  slug-ft1^ 
radius  of  gyration  about  transverse  axis,  ft 
constant  in  equation  of  turbulence  spectrum 


L 

m 

M 

1 

S 

T(ift) 

t 

Tl/2 

^an^max 

V 

W 

w 


scale  of  turbulence,  ft 
mass,  slugs 
Mach  number 

dynamic  pressure,  lb /ft 2 

p 

wing  area,  ft 

airplane  normal  acceleration  frequency  response  function  for 
a  sinusoidal  gust-velocity  input 

time,  sec 

time  for  the  acceleration  due  to  a  sharp-edge  gust  to  reach 
a  maximum  value,  sec 

time  to  damp  to  one-half  amplitude,  sec 

peak  normal  acceleration  increment  due  to  a  unit  sharp-edge 
gust 

velocity,  ft /sec 
weight,  lb 

vertical  gust  velocity,  ft /sec 


w2 


mean  square  vertical  gust  velocity, 


(ft/sec)2 


P 

5  nondimens ional  peak  acceleration  time  factor,  —  cu  t 

*  3  Jt  n  p 

£  damping  ratio,  ~a/“n 

a  root -mean- square  acceleration  increment,  g  units 
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co 


a 

a. 

fl. 


n 


CIu 


Cmq+  C 


power- spectral  density  function  of  atmospheric  turbulence 

(ft/.sec)2 
radians /ft 

frequency,  radians/sec 

undamped  frequency  of  airplane  short-period  oscillation, 
radians/sec 

frequency,  co/v,  radians /ft 
frequency,  cOp/V,  radians/ft 
normalized  frequency, 
static  stability  parameter,  l/radians 

lift-curve  slope,  l/radians 


do  dC_ 

m.  =  — rrr  +  damping-in-pitch  parameter,  l/radians 

tc  ^oc 


MODEL  AND  INSTRUMENTATION 
Model 


The  principal  features  of  the  model  are  shown  in  the  drawing  of 
figure  1  and  the  photograph  of  figure  2.  The  fuselage  had  a  maximum 
diameter  of  6.5  inches  and  was  constructed  of  wood  with  a  metal  nose 
section.  The  wings  were  l/4-inch  flat  plate  dural  with  beveled  edges. 
The  important  characteristics  of  the  model  are  listed  on  figure  1. 


Instrumentation 

The  model  was  instrumented  with  a  four-channel  telemeter  which 
transmitted  measurements  of  normal  acceleration,  transverse  acceleration, 
total  pressure,  and  fluctuations  in  total  pressure. 

Ground  instrumentation  included  a  CW  Doppler  radar  for  obtaining 
model  velocity,  a  modified  SCR  584  tracking  radar  for  obtaining  model 
position  in  space  and  a  rawinsonde  for  obtaining  atmospheric  conditions. 
In  addition,  rollsonde  equipment  was  used  for  obtaining  a  measurement  of 
model  angular  velocity  in  roll. 
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The  airplane  flown  in  preflight  surveys  was  equipped  with  a  one- 
channel  telemeter  which  transmitted  normal  acceleration  measurements  to 
the  ground  receiving  station.  In  addition,  the  airplane  was  equipped 
with  standard  airspeed  acceleration  recording  instruments. 


TEST  PROCEDURE 
Preflight  Turbulence  Survey 


In  reference  1,  the  atmospheric  and  turbulence  conditions  for  fore¬ 
casting  and  selecting  a  suitable  test  day  are  described  in  detail.  In 
general,  the  necessary  test  condition  is  clear-air  atmospheric  turbulence 
associated  with  post -cold-front  conditions.  The  test  day  was  chosen  on 
the  basis  of  weather  forecasts,  and  an  airplane  survey  was  made  over  the 
firing  range  at  the  Langley  Pilotless  Aircraft  Research  Station,  Wallops 
Island,  Va.,  before  the  model  test  as  a  final  check  on  the  suitability 
of  turbulence  conditions.  The  survey  also  provided  a  measurement  of  the 
variation  of  turbulence  intensity  with  altitude. 

The  telemetered  normal  acceleration  measurements  from  the  survey 
airplane  were  recorded  on  a  visual  recorder  while  the  survey  was  being 
made  and  thus  enabled  a  ground  observer  to  examine  for  suitability  of 
turbulence  conditions.  The  pilot's  judgment  of  suitable  turbulence  con¬ 
ditions  was  used  along  with  the  telemetered  acceleration  data  in  choosing 
a  suitable  test  day. 


Model  Test 

Following  the  airplane  survey  the  model  was  ground  launched  at  an 
elevation  angle  of  about  25°  by  means  of  a  fin-stabilized  booster  rocket 
motor.  At  booster  burnout  the  model  separated  from  the  booster  and 
experienced  decelerating  flight  from  a  Mach  number  of  0.95  to  O.65.  The 
model  flight  path  was  approximately  parabolic  with  a  maximum  altitude  of 
1,500  feet .  Model  free-f light  data  in  continuous  turbulence  were  obtained 
over  a  period  of  about  15  seconds  from  booster  separation  to  the  end  of 
the  flight. 


ANALYSIS  AND  RESULTS 
Experimental  Results 


Evaluation  of  records  for  Mach  number  effects.-  Acceleration  meas¬ 
urements  at  the  model  center  of  gravity  were  made  normal  to  each  wing 
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of  the  cruciform  configuration.  In  order  to  distinguish  between  the  two 
measurements  in  this  report,  one  has  been  called  normal  and  the  other 
transverse  acceleration.  The  telemeter  record  obtained  from  the  model 
flight  was  read  at  0.01  second  time  intervals  resulting  in  a  total  of 
1,54-0  data  points  for  each  accelerometer  for  the  power-off  portion  of 
the  flight  over  the  Mach  number  range  of  0.917  to  0.66.  In  order  to 
establish  the  variation  of  acceleration  increment  with  Mach  number  as 
measured  by  root -mean-square  acceleration,  it  was  necessary  to  divide 
the  time  history  of  the  acceleration  measurements  into  sections  and  then 
present  the  data  at  the  average  Mach'  number  for  each  section.  The  Mach 
number  and  altitude  change  for  each  record  section  along  with  the  average 
Mach  number  and  altitude  and  the  sample  size  are  shown  in  table  I.  From 
the  basic  acceleration  data  for  each  sample,  the  acceleration  increments 
from  the  mean  value  were  computed  along  with  the  root -me an- square  accel¬ 
eration  increments,  a&n  and  aa^_ . 

As  an  illustration  of  the  general  characteristics  of  the  accelera¬ 
tion  response  for  the  present  model,  a  time  history  of  normal  and  trans¬ 
verse  acceleration  increment  over  the  Mach  number  range  of  0.917  to  0.84l 
is  shown  in  figure  3* 

The  significant  results  of  the  present  test  are  presented  in  fig¬ 
ure  4  as  the  variation  of  acceleration  increment  with  Mach  number  as 
measured  by  the  root -mean-square  acceleration.  The  results  from  the  two 
accelerometers  aa^  and  are  shown  in  figure  4  as  measured  from 

the  test  record  and  after  corrections  were  made  for  difference  in  tur¬ 
bulence  intensity  at  the  various  altitudes.  These  corrections  were  made 
under  the  assumption  that  the  horizontal  gust  velocity  obtained  from  the 
total-pressure  fluctuation  data  (as  described  in  ref.  2)  was  representative 
of  the  turbulence  experienced  by  each  wing.  The  values  of  mean  square 
acceleration  were  corrected  for  differences  in  turbulence  intensity  for 
the  various  record  sections  by  multiplying  the  q2  of  each  record  section 
by  the  ratio  of  mean  square  horizontal  gust  velocity  for  the  record  sec¬ 
tion  near  1,500  feet  altitude  to  the  mean  square  horizontal  gust  velocity 
for  each  record  section. 

Evaluation  of  cruciform  arrangement.-  If  the  results  for  each  wing 
shown  in  figure  4  are  considered  as  having  been  obtained  from  two  tests 
of  the  same  model  under  identical  conditions  then  it  should  be  possible 
to  average  the  two  answers  in  order  to  obtain  a  more  accurate  answer. 

This  has  been  done  in  figure  5  where  the  variation  of  a  with  Mach  number 
shown  was  obtained  by  averaging  the  aan2  and .  aai_2  values  of  figure  4 

(corrected  to  the  same  turbulence  intensity).  The  spread  between  the 
values  of  c&n  and  is  also  shown  on  figure  5« 

In  order  to  investigate  the  possibility  of  testing  different  wings 
under  identical  rough-air  conditions  by  using  the  cruciform  arrangement, 
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comparisons  are  made  in  figure  6  of  a&n  and  cxa-^  for  the  total  record 

and  for  cases  where  the  record  is  divided  into  progressively  smaller  sec¬ 
tions.  The  solid  line  in  figure  6  is  the  line  of  perfect  agreement 
between  the  values  of  0  from  the  normal  and  transverse  acceleration 
measurements . 


Analytical  Calculations 

The  appendix  of  this  report  describes  a  short  and  fairly  simplified 
approach  for  estimating  the  root -mean-square  normal  acceleration  of  air¬ 
craft  for  flight  through  continuous  rough  air.  The  calculated  values  of 
0  obtained  by  using  the  method  and  charts  of  the  appendix  are  compared 
with  the  experimental  values  on  figure  5*  In  order  tc  use  the  method  of 
the  appendix  it  was  necessary  to  obtain  estimates  of  the  following  quan¬ 
tities:  (a)  the  spectrum  of  atmospheric  turbulence  corresponding  to  the 

turbulence  intensity  at  1,500  feet  altitude  for  the  model  test,  (b)  the 
dynamic  stability  parameters  and  T^y^  or  £ >  (c)  and  the  model 

response  to  a  unit  sharp-edge  gust.  As  previously  mentioned  the  horizon¬ 
tal  gust  velocity  data  were  used  to  correct  the  experimental  data  to  the 
turbulence  intensity  at  1,500  feet  altitude;  however,  these  data  were  not 
considered  adequate  for  defining  the  turbulence  spectrum.  The  turbulence 
spectrum  was  estimated  from  the  survey  airplane  data  at  1,500  feet  alti¬ 
tude,  and  the  following  relation,  0. (ft)  =  Q,Q^,  was  considered  reasonable 

ft2 

for  making  the  calculations.  Dynamic  stability  data  were  not  available 
for  the  model  of  this  test;  however,  for  the  purpose  of  making  calcula¬ 
tions  for  the  model  of  this  test,  the  stability  data  of  reference  5  for 
a  tailless  configuration  having  a  similar  wing  were  used.  The  values  of 
0)nj  ^1/2  an<i  £  were  obtained  by  using  the  data  of  reference  3  and 

the  weight,  inertia,  and  flight  conditions  for  the  model  of  the  present 
test  and  are  shown  in  figure  7»  The  assumed  form  of  the  response  to  a 
unit  sharp-edge  gust  is  shown  in  figure  8  and  is  discussed  in  reference  4 
and  the  appendix  of  this  report . 


DISCUSSION 

Characteristics  of  Model  Rough -Air  Response 


The  time  history  of  figure  3  indicates  that  in  rough  air  the  short- 
period  frequency  is  the  predominant  frequency  in  the  acceleration  response. 
At  the  Mach  numbers  of  figure  3,  the  short -period  frequency  is  about 
5.50  cycles  per  second.  A  high  frequency  of  about  60  cycles  per  second 
can  also  be  noted  in  figure  3«  This  corresponds  to  the  wing  first  bending 
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frequency  for  the  model.  By  reading  the  record  every  0.01  second  it 
can  be  seen  from  figure  3  that  the  60-cycle-per-second  frequency  is  not 
completely  included  in  the  data  analysis;  however,  this  effect  was  con¬ 
sidered  small  and  the  0.01-second  reading  interval  adequately  defines 
the  major  frequencies  present  in  the  response. 


Variation  of  Acceleration  With  Mach  Number 

The  variation  of  root -mean- square  acceleration  increment  with  Mach 
number  is  presented  in  figure  4  for  accelerations  measured  normal  to 
each  wing.  The  magnitude  of  the  correction  for  variations  in  turbulence 
intensity  is  illustrated  in  figure  4(a)  for  aa  and  in  figure  4(b)  for 

a^.  The  correction  appears  to  reduce  the  scatter  and  aan  and  aa^ 

show  about  the  same  variation  with  Mach  number.  There  is  a  fairly  rapid 
increase  in  a  between  Mach  numbers  0.8l6  and  0.88,  but  this  increase 
is  greater  for  aan*  or^er  to  compare  measured  and  calculated  root- 

mean-square  accelerations  as  a  function  of  Mach  number,  the  data  of  fig¬ 
ure  4  have  been  considered  as  two  separate  tests  under  the  same  turbulence 

conditions  and  were  combined  as  follows  on  figure  5:  o  = 

The  experimental  data  are  higher  than  the  calculations;  however,  the 
general  trend  with  Mach  number  is  the  same  for  both  results.  There  is 
a  large  increase  in  a  for  the  calculated  curve  between  Mach  numbers  0.92 
and  0.95  which  is  associated  with  the  decrease  in  damping-in-pitch  indi¬ 
cated  on  figure  J.  The  large  increase  in  a  for  the  experimental  data 
occurs  at  a  lower  Mach  number  which  may  indicate  that  the  damping  of  the 
present  model  deteriorates  sooner  than  was  indicated  by  the  calculations. 
This  possibility  may  exist  because  the  model  of  the  present  test  had  flat 
plate  wings  with  sharp  leading  edges  while  the  values  of  damping- in-pitch 
derivative  Cjjj  +  (from  ref.  3)  used  in  the  calculations  were  for  a 

configuration  having  an  NACA  0004-65  airfoil. 


Evaluation  of  the  Cruciform  Arrangement 

The  results  from  each  wing  of  the  cruciform  configuration  may  be 
considered  to  be  a  separate  measurement  of  the  gust  loads  experience  for 
the  configuration.  This  assumes  that  there  is  no  mutual  interference 
effects  between  the  two  wings  and  that  the  atmospheric  turbulence  Input 
spectrum  is  the  same  for  each  wing.  It  is  not  possible  to  prove  these 
assumptions  at  this  time,  but  they  appear  to  be  reasonable  from  general 
considerations  of  symmetry  of  the  model  and  of  the  isotropic  nature  of 
the  turbulence.  The  fact  that  the  models  usually  develop  a  roll  velocity 
of  about  1  radian  per  second  tends  to  ameliorate  any  nonisotropic  ten¬ 
dencies  of  the  atmospheric  turbulence. 
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Some  indication  of  the  accuracy  of  results  from  rocket  model  tests 
in  rough  air  has  been, given  by  considering  the  present  results  as  sepa¬ 
rate  tests.  The  spread  between  the  two  values  of  a  is  shown  on  fig¬ 
ure  5«  The  largest  differences  are  about  *17  percent  of  the  value  of 
a  obtained  from  combining  the  two  sets  of  data. 

If  the  two  wings  are  assumed  to  have  about  the  same  turbulence 
experience,  then  it  should  be  possible  to  place  different  wings  on  one 
model  in  order  to  investigate  such  effects  as  aeroelasticity,  and  plan- 
form.  However,  the  comparison  of  the  results  from  the  two  identical 
wings  of  the  present  model  indicated  large  differences  of  the  order  of 
34  percent,  probably  due  to  statistical  accuracy  as  affected  by  sample 
size.  Due  to  the  short  flights  and  deceleration  rate  of  the  model,  the 
sample  sizes  were  limited  as  shown  in  table  I.  Since  both  wings  experi¬ 
enced  the  same  Mach  number  changes  it  was  possible  to  make  comparisons 
of  a  from  each  wing  for  various  sample  sizes  in  order  to  determine  what 
sample  size  would  be  necessary  to  investigate  small-order  effects  of 
10  percent  or  less  by  means  of  the  cruciform  arrangement.  These  results 
are  shown  on  figure  6,  where  the  total  record  has  been  divided  into  pro¬ 
gressively  smaller  sections.  It  appears  that  a  sample  size  of  at  least 
500  points  or  5  seconds  of  data  at  nearly  constant  Mach  number  would  be 
necessary  for  testing  different  wings  on  the  present  model.  Since  the 
airplane  short -period  mode  of  motion  is  so  important  in  the  determination 
of  the  mean-square  load  in  rough-air  flight,  it  seems  probable  that  a 
normalized  measure  of  this  time  based  on  the  short  period  frequency  and 
damping  characteristics  may  be  found  to  judge  minimum  record  lengths  for 
other  configurations.  However,  the  5-second  sample  size  should  apply  to 
most  rocket  model  tests  since  all  the  models  have  about  the  same  short- 
period  characteristics. 


CONCLUDING  REMARKS 


The  present  investigation  has  yielded  information  on  the  behavior 
of  a  tailless,  cruciform  60°  triangular-wing  configuration  in  rough-air 
flight  from  Mach  numbers  of  0.66  to  0.88.  The  variation  of  root -mean- 
square  acceleration  with  Mach  number  indicated  a  rapid  increase  between 
Mach  numbers  0.82  and  0.88  that  is  probably  due  to  a  decrease  in  damping- 
in-pitch  associated  with  a  wing  of  this  plan  form. 

The  use  of  a  cruciform-wing  arrangement  appears  to  be  useful  for 
improving  the  accuracy  of  results  from  rocket -propelled  model  tests  in 
rough  air  under  the  assumption  that  the  results  from  each  wing  may  be 
considered  to  be  a  separate  measurement  of  the  gust  loads  experience  for 
the  configuration.  The  extension  of  the  cruciform  arrangement  for 
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investigating  small-order  effects  between  wings  having  different  char¬ 
acteristics  appears  to  be  feasible  if  a  long  enough  sample  at  a  nearly 
constant  Mach  number  can  be  obtained. 


Langley  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
Langley  Field,  Va.,  December  6,  1955* 
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APPENDIX 


NOTE  ON  THE  CALCULATION  OF  THE  MEAN  SQUARE  LOADS 
OF  AIRCRAFT  IN  CONTINUOUS  ROUGH  AIR 


A  basic  approach  to  the  problem  of  the  calculation  of  the  mean  square 
loads  of  aircraft  in  continuous  rough  air  is  given  in  reference  4.  Also, 
reference  4  gave  some  examples  of  mean  square  load  calculations  based  on 
a  rather  simplified  assumption  as  to  the  form  of  the  airplane  response  to 
a  sharp  edge  gust,  figure  8.  Although  it  is  realized  that  this  picture 
may  be  oversimplified,  especially  for  configurations  which  have  high 
damping,  it  leads  to  a  fairly  simple  solution  for  mean  square  normal 
acceleration  increments  when  combined  with  an  atmospheric  turbulence 
spectrum  of  the  form,  K^n2.  The  purpose  of  the  present  investigation 

is  to  briefly  develop  and  present  this  solution  in  the  form  of  a  chart 
which  may  be  used  to  estimate  the  mean  square  normal  acceleration 
increments . 


The  mean-square  normal  acceleration  is  given  by  the  following 
relation: 


0 


2 


$i(fl)|?(ifl)|2dft 


(1) 


If  the  response  of  the  aircraft  to  a  sharp-edge  gust  is  given,  as 
in  figure  8,  then  the  amplitude  squared  of  the  transfer  function  which 
occurs  in  equation  (l)  can  be  expressed  as 


®<in>|2  -  (a-w): 


\n0(l  +  D02)sin  +  ^o2(2£2  -  1  +  fl02)cos  ftc 


(i  -  «02r  -  ^  v 


62g02cos  £§■  aQ 


-i2 


1  -  62nG2 


Sfl0(l  +  Qq2)cos  ^  fl0  -  fl02(2C2  -  1  +  no2)sin  g-  fl0 

(i  -  «02f  +  k^ao2 

N 

8H0  -  62li02sln  no]  2 

1  -  2 

O  J 


(2) 
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Equation  (l)  comes  from  equations  (29)  and  (33)  of  reference  k 
while  figure  8  and  equation  (2)  represent  the  general  forms  of  equa¬ 
tions  (31)  and  (32)  of  the  same  reference. 

The  power-spectral  density  function  of  the  atmosphere  ^(0)  for 

which  the  present  solution  was  found  is  the  simple  expression  indicated 
in  references  1,  2,  and  6. 


-  _  *a 

n5 


(3) 


It  may  be  noted  that  for  large  values  of  ft,  this  is  the  form  of  the 
spectrum  which  has  been  given  in  several  places  (see  ref.  6)  as  a  gen¬ 
eral  form  of  the  spectrum  of  atmospheric  turbulence,  that  is. 


&  (a>  =  ii-±ni fail  (4) 

^1  /  \2 
(l  +  L 

or 

3V2 

^(ft) — >~g— •  as  ft — >00 

Taking  dft  =  ftj^  dftQ,  expanding  equation  (2)  and  then  substituting, 
with  equation  (3),  in  equation  (l),  the  mean-square  normal  acceleration 
can  be  expressed  in  the  following  form  which  is  especially  adaptable  to 
presentation  in  the  form  of  a  chart: 


f(?.no)“o 


+ 


(5) 


The  first  integral,  equation  (5),  containing  only  £  and  ftQ  was 
evaluated  in  closed  form 


(6) 


whereas  the  second  integral  was  approximated  by  graphical  integration 
(except  for  the  case  of  5  equal  to  zero  for  which  the  integral  was 
equal  to  zero  by  inspection).  For  practical  purposes  the  integration 
limits  were  assumed  to  be  from  ftQ  =  0  to  ftQ  =  6  and  the  integral 
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was  evaluated  for  several  combinations  of  £  and  5  to  define  the  mean- 
square  acceleration  over  a  range  of  £  and  5. 

For  the  assumption  of  zero  time  to  peak  acceleration,  tp  =  0 

or  6=0,  the  mean-square  normal  acceleration  in  continuous  flight 
through  air  having  the  assumed  spectrum  is  simply  that  given  by  the 
first  integral  (eqs.  (5)  and  (6)) 

0a  = 

ton  \  ?  / 

For  any  other  value  of  6,  the  mean-square  normal  acceleration  is  this 
value  plus  a  part  obtained  by  the  numerical  integration.  Actually  for 
very  small  values  of  damping,  £,  equation  (7)  alone  may  be  used  to 
estimate  a^.  In  this  case  the  mean-square  normal  acceleration  may  be 
further  approximated,  for  «  1,  after  substitution  of  the  appropriate 
expressions  for  £  and  &n,  as  follows: 

a2  =  1.133Ka(anii]axfVTi/£  (8) 

This  expression  again  indicates  (see  ref.  4)  the  strong  dependence  of 
the  mean  square  loads  on  the  damping  characteristics  of  the  oscillatory 
response  to  a  step  gust. 

Figure  9  presents  the  results  with  the  parameter 

as  a  function  of  the  damping  ratio,  £,  for  various  values  of  the  non- 
dimensional  peak  acceleration  time  factor,  6.  Figure  9  has  been  com¬ 
puted  for  values  of  £  from  0  to  1.0.  Because  of  the  assumptions 
involved,  the  chart  should  be  considered  most  reliable  for  low  values 
of  damping  ratio,  0  to  0.25;  where  the  results  have  been  partially 
checked  by  rocket -propelled  model  data. 

In  order  to  estimate  the  mean  square  acceleration  from  figure  9; 
it  is  necessary  to  know  (l)  the  initial 
sharp-edge  gust  as  defined  by  tp  and 

of  the  short  period  longitudinal  oscillation  of  the  aircraft  £  and  &n, 
and  (3)  the  value  of  the  constant  of  the  atmospheric  turbulence 

spectrum.  The  response  to  a  sharp-edge  gust  can  be  obtained  from  refer¬ 
ence  5.  The  calculation  of  the  characteristics  of  the  short  period 
longitudinal  oscillation  can  be  found  in  many  places,  but  the  following 
approximations  are  usually  satisfactory: 


response  of  the  aircraft  to  a 
(anmax)^  the  characteristics 


(7) 
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(9) 


(10) 


5 


(11) 


The  evaluation  of  the  turbulence  intensity  constant,  Kq,,  for  a  partic¬ 
ular  application  is  as  yet  not  very  well  defined.  Some  discussion  of 
this  factor  is  given  in  references  1,  2,  and  6. 
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TABLE  I 

VARIATION  OF  MACH  NUMBER  AND  ALTITUDE 


Mach  number 
of  sample 

Sample  size, 
number  of  points 

Altitude, 

ft 

0.878  ±  0.0433 

200 

860  ±  210 

.816  ±  .0300 

200 

1,260  ±  190 

.766  ±  .0340 

300 

1,425  *  25 

.718  ±  .0307 

400 

1,185  ±  215 

.678  ±  .0265 

44o 

485  ±  485 
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Figure  2. -  Photograph  of  model. 
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(a)  Normal  acceleration. 
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(b)  Transverse  acceleration. 


Figure  4.-  Variation  of  root-mean-square  acceleration  with  Mach  number. 
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Figure  5.-  Variation  with  Mach  number  of  root-mean-square  acceleration 

obtained  by  combining  an  and  a-^. 
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o  Q-  *2  .U 

an 


Figure  6.  -  Comparison  of  root -mean- square  acceleration  obtained  from  normal 
and  transverse  accelerometers  for  several  sample  sizes. 
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M 

(a)  Variation  of  undamped  natural  frequency  with  Mach  number. 


M 


(b)  Variation  of  Tx/2  and  £  with  Mach  number. 
Figure  7.-  Stability  characteristics  of  model. 
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a  rapid  estimation  of  the  mean  square  acceleration  a  rapid  estimation  of  the  mean  square  acceleration 

of  aircraft  for  flight  through  continuous  rough  air.  of  aircraft  for  flight  through  continuous  rough  air. 


